Tyrosine-phosphorylation of the 22-residue cytoplasmic region of ephrinB induces its binding to the SH2 domain of Grb4, thus initiating reverse signaling pathways controlling cytoskeleton assembly and remodeling. Recently, the region corresponding to this 22-residue motif was demonstrated to adopt a well-packed β-hairpin structure with a high conformational stability in the unphosphorylated cytoplasmic subdomain.
Summary
Tyrosine-phosphorylation of the 22-residue cytoplasmic region of ephrinB induces its binding to the SH2 domain of Grb4, thus initiating reverse signaling pathways controlling cytoskeleton assembly and remodeling. Recently, the region corresponding to this 22-residue motif was demonstrated to adopt a well-packed β-hairpin structure with a high conformational stability in the unphosphorylated cytoplasmic subdomain.
However, because the binding to Grb4 is phosphorylation-dependent and the hairpin contains three conserved tyrosine residues that may be phosphorylated, the key events remain unknown as how tyrosine-phosphorylation affects the structure of this well- 
Introduction
The Eph-receptors, with a total of 14 members, is the largest known family of receptor tyrosine kinases. They are implicated to function at the interface between pattern development and morphogenesis, such as axon guidance, cell migration, segmentation, and angiogenesis (1) (2) (3) (4) (5) . The signaling network mediated by Eph-receptors and their ligand ephrin is conserved among metazoans and eight mammalian ephrins have been identified so far. These can be grouped into two structural and functional families, ephrinA and ephrinB. EphrinB and their Eph receptors are all plasma-membrane anchored proteins, and are unique in their ability to transmit signals bidirectionally, thus mediating contact-dependent cell-cell interactions for guidance and assembly of cells (4) (5) (6) (7) . Recently, the Eph-ephrinB mediated signaling network has been found to be involved in learning and memory formation (8) , and differential expressions of ephrinB were also correlated with tumorigenesis (9) .
The cytoplasmic tail of the ephrinB proteins plays a central role in mediating reverse signaling via protein-protein interactions with intracellular protein binding partners (10) (11) . In particular, interaction between the 22-residue cytoplasmic region of ephrinB and the Grb4 SH2 domain initiates down-stream signaling pathways regulating cytoskeleton assembly and remodeling (7, 10) . Recently, we determined the NMR structure of the ephrinB cytoplasmic subdomain, and showed that in the absence of the tyrosine-phosphorylation, this 22-residues motif adopted a well-packed β-hairpin structure ( Figure 1 ) with a high conformational stability as indicated by 15 N backbone dynamics data (12) . However, since the interaction between this 22-residue region and the Grb4 SH2 domain is phosphorylation-dependent (7, 10) , and the β-hairpin region contains three conserved Tyr residues Tyr304, Tyr311 and Tyr316 (Figure 1 ), the role of tyrosine-phosphorylation in this interaction still remains unknown. On the other hand, although selective and reversible phosphorylation plays a pivotal role in controlling biological activity of proteins in many biochemical processes, the mechanism still remains poorly-understood especially in structural terms (13) . In this regard, the 22-residue ephrinB β-hairpin represents a unique model for addressing the structural consequence of tyrosine-phosphorylation because: 1) it adopts a well-packed β-hairpin structure with extensive long-range side chain packing which would facilitate the assessment of structural changes upon tyrosine-phosphorylation; and 2) it contains three conserved tyrosine residues, thus offering the possibility of studying the consequence of multiple tyrosine-phosphorylations. By characterizing structural and binding properties of a set of six 22-residue ephrinB peptides, the current study focuses on addressing the structural consequences of tyrosine-phosphorylation and on identification of phosphorylation sites relevant to the SH2 domain binding by use of circular dichrosim (CD) and NMR spectroscopy. The set of peptides includes one unphosphorylated, three single-, one double-and one triple-phosphorylated forms. Detailed CD and NMR characterization of the six 22-residue peptides demonstrates that the isolated SH2-domain binding motif adopts a well-packed β-hairpin structure in the unphosphorylated state as described before (12) but this β-hairpin structure is dramatically abolished by tyrosine-phosphorylations. Furthermore, NMR-based binding study indicates that the in vivo unphosphorylated site Tyr304 is actually relevant to the SH2 domain binding while the in vivo phosphorylated site Tyr311 is irrelevant. These results provide the first detailed picture showing how cryptic binding sites buried in a well-packed β-hairpin of a signaling protein is activated by disrupting the tight side-chain packing through tyrosine phosphorylation. These observations may bear important implications in deciphering the Eph-ephrinB mediated reverse signaling mechanism, and contribute to our general knowledge of how tyrosine-phosphorylation modulates signal transduction by switching the conformation of a signaling protein.
Experimental procedures
Cloning and expression of the Grb4 SH2 domain A DNA fragment encoding human Grb4 SH2 domain (residues 283-380) was generated from Grb4 DNA by polymerase chain reaction (PCR) with the forward primer 5´-GGG GAA TTC AGA GAG TGG TAC TAC GGG-3´ and a reverse primer 5´-GGG CTC GAG TCA CTG CAG GGC CCT GAC G-3´. The PCR product was cloned into the pGEX-5X-1 vector (Pharmacia) using EcoR1/Xho1 restriction sites and the DNA sequence was verified by automated DNA sequencing. The expression construct for the SH2 domain was transformed into the Escherichia coli strain BL21 to express GSTfusion protein and was subsequently purified using glutathione Sepharose (Pharmacia). pY 304 EKVSG, pY 311 GHPV and pY 316 IVQEM were also chemically synthesized using the same procedure. The peptides were purified by a reverse-phase HPLC C 18 column, and their identities were verified by MALDI-TOF mass spectrometry and NMR resonance assignments.
Circular dichrosim (CD) spectroscopy
CD experiments were performed on a Jasco J-715 spectropolarimeter, with samples containing 50 µM peptides in 20 mM phosphate buffer at pH 6.8. Far-UV CD spectra were collected at 20 ºC using 1 mm path length cuvettes with a 0.1 nm spectral resolution. Fifteen independent scans were averaged for each peptide. Sequence-specific assignments for the synthetic peptides were achieved through identification of spin systems in the TOCSY spectra combined with sequential NOE connectivities in the NOESY spectra (17) (18) ).
The structural model of ephrin-B2 301-322 was generated from the corresponding region of the published NMR structure (12) by using the Insight II software package.
Results

Structural effects of tyrosine-phosphorylations characterized by circular dichrosim (CD)
To gain insight into the globular secondary structure changes caused by tyrosinephosphorylation of the peptides, far-UV circular dichrosim (CD) spectra of all six 22-residue peptides were collected at pH 6.8 and 20 ºC. As seen in Figure 2 , the far-UV CD spectrum of the unphosphorylated ephrinB2 301-322 has two main bands at 198.1 nm (positive) and at 212.5 nm (negative). The presence of a positive band at about 198 nm and a negative one in the range of 210-215 nm usually indicates a well-formed antiparallel β-sheet or β-hairpin (19). This observation provides solid evidence that the 22-residue SH2-domain binding motif still adopts a well-formed β-hairpin structure on its own in isolation from the 33-residue functional subdomain (12) . Strikingly, all three single phosphorylated ephrinB2 301-322 gave CD spectra without positive bands and with the negative bands shifted to around 200 nm, which are typical of very flexible loops or even random coil conformations (19). Similar CD spectra were also observed for the double-and triple-phosphorylated ephrinB2 301-322 . Taken together, these results strongly indicate that upon tyrosine-phosphorylation, the well-formed β-hairpin adopted by 22-residue ephrinB2 301-322 was drastically abolished, regardless of the position and numbers of the phosphorylation sites.
Structural effects of tyrosine-phosphorylations characterized by NMR spectroscopy
To further assess the detailed structural changes induced by tyrosinephosphorylations, all six peptides were extensively characterized by two-dimensional NMR spectroscopy. The sequential assignments were successfully achieved for all six peptides by analyzing the combination of TOCSY and NOESY spectra in H 2 O according to well-established methods (17) (18) and the proton chemical shifts are presented in the supplementary materials (Table S1 to S6). tyrosines suggests that the introduction of a phosphate group to the aromatic ring of the tyrosine residues may place a large steric barrier, or change the dynamics, or both. All of which could lead to a severe disruption of the side chain packing centered around the ε protons of the phosphorylated tyrosine residues. This notion is strongly supported by the dramatic changes of CD spectra upon tyrosine phosphorylation (Figure 2) , and NMR observation that for all peptides, both δ and ε protons of the phosphorylated-tyrosines can be unambiguously assigned in TOCSY spectra but NOEs related to ε protons have totally disappeared (Table S1- In the first part of this study, the detailed CD and NMR characterization of a set of six 22-residue ephrinB peptides demonstrates that the unphosphorylated ephrinB2 301-322 adopts a well-packed β-hairpin structure as described previously (12) Based on current results, it appears that for the interaction between the ephrinB cytoplasmic region and the Grb4 SH2 domain, three conditions have to be satisfied simultaneously: 1) the well-packed hairpin structure has to be disrupted by tyrosinephosphorylation to expose the docking region for the Grb4 SH2 domain; 2) the phosphate group is needed to provide the binding energy (36); and 3) the specific amino acid sequences surrounding the phosphorylated tyrosine residues have to be present to achieve high affinity binding. The last point is particularly underscored by the results of NMR binding study on the interactions between the SH2 domain and three short peptides, which clearly indicates that the high affinity binding between the SH2 domain and phosphorylated ephrinB2 301-322 requires regions larger than the short sequences Cterminal to the phosphorylated tyrosines. It is also striking to note that phosphorylation of Tyr311, which satisfies conditions 1, 2 but not 3, result in no detectable binding to the Grb4 SH2 domain. The finding that the pY 304 EKVSG peptide is able to bind the Grb4 SH2 domain may provide a promising starting point for the design of inhibitors disrupting the protein-protein interaction between ephrinB and the Grb4 protein (37).
In summary, the present NMR study provides the first detailed picture showing how the well-packed β-hairpin structure of ephrinB cytoplasmic domain can be dramatically disrupted by single-, double-and triple-phosphorylations at three conserved tyrosine residues. The NMR binding study further identifies two out of three tyrosine residues within the 22-residue hairpin of ephrinB as phosphorylation sites relevant for highaffinity binding to the Grb4 SH2 domain. In particular, the observation that the 22- 
